Abstract: La 1−x Na x MnO 3 perovskite manganite in the form of circular pellets was prepared with the composition of x = 0.10, 0.15 and 0.20 by the solid-state reaction technique. To confirm the crystalline nature of the samples, X-ray diffraction patterns of the samples were obtained. It is found that the samples have a rhombohedral structure with R3c space group. Particle size was determined from the obtained scanning electron microscope images. Ultrasonic velocity and the attenuation measurements were carried out on the samples employing the transmission technique in the temperature range from 300 to 400 K. The anomalous behaviour obtained in the ultrasonic measurements was used to explore the transition temperature of the prepared La 1−x Na x MnO 3 perovskite samples. The temperatures 320, 328 and 334 K are the ferromagnetic to paramagnetic phase transition temperatures of the samples x = 0.10, 0.15 and 0.20, respectively. K. Sakthipandi is an assistant professor of Physics, Sethu Institute of Technology, Kariapatti, Tamil Nadu, India. He is the principal investigator of two sponsored projects funded by the Department of Science and Technology, government of India. His main area of interest is the characterisation of structural materials employing in situ ultrasonic studies. An indigenously designed experimental set-up is used for the in situ measurement of ultrasonic velocity and attenuation over wide range of temperatures. The marked softened and hardened lattices are used to explore the temperaturedependent phase transition. The development and improvement of perovskite manganites are required for potential applications such as solid oxide fuel cells, magnetic sensors/reading heads and frequency switching devices.
PUBLIC INTEREST STATEMENT
Ultrasonics is an area of intense scientific and technological research. Due to its scientific and engineering applications, it has drawn considerable attention of researchers. Perovskites are advanced materials which find wider applications in frequency switching devices, sensor technology, solar cells, magnetic storage devices/heads, etc. due to their physicochemical properties and complex phase diagrams. Even though different techniques such as electrical resistivity, magnetoresistance, magnetization and specific heat measurements are available, in situ ultrasonic measurement is an effective tool to explore the temperature-dependent phase transitions. This is possible due to the interaction of ultrasonic waves with macro/micro/submicroscopic lattice of the materials. In the present investigation, the phase transition of the sodium-doped lanthanum perovskite manganite was explored. Identification of structural/microstructural transitions and the influence of temperature are important parameters for both development of materials and useful guidelines to the design engineers to set acceptable limits for service conditions.
Introduction
In recent years, advance materials such as perovskite manganite with the general formula R 1−x A x MnO 3 (R-rare earth element and A-doping elements such as Sr, Ba, Ca, Na and K) assume significant importance in view of their special physical properties such as colossal magneto resistance (CMR), metal-insulator (MI) phase transition and ferromagnetic (FM) to paramagnetic (PM) phase transition (Lalitha & Reddy, 2009; Park et al., 1998; Tokura, 1997) . These special properties along with higher chemical stability, lower eddy current heating, tunable Curie temperature (T c ) that can be spanned over a wide range of temperature and low cost make them significant in applications such as frequency switching devices, sensor technology, solar cells and so on (Chand, Kumar, & Varma, 2011; Paul & Paul, 2014; Wang, Xu, Sun, Pan, & Zhang, 2011) . In R 1−x A x MnO 3 perovskite manganite compounds, the oxygen is in the O 2− state and Mn has two oxidation states viz. Mn 3+ and Mn
4+
. The doping of divalent materials causes a change in the valence of Mn ions from 3 to 4. The charge and spin exchanges between the Mn 3+ and Mn 4+ ions via O 2− is called the double exchange (DE) interaction, which is primarily the cause of the interesting magnetic and electrical properties exhibited by these materials (Likodimos & Pissas, 2005; Taguchi, 1998; Zener, 1951 (de Gennes, 1960; De Teresa et al., 1995) . Hence, the observed magnetic and electronic phase diagrams of the mixed valent perovskite manganite materials could not be explained with the DE interaction theory alone. Besides the DE interaction, there are few other phenomena such as charge and orbital instabilities, electron-lattice, spin-lattice coupling (Millis, 1995; Zheng, Zhu, Xie, Huang, & Zi, 2002) , Jahn-Teller (JT) interaction, charge-orbital ordering, AFM super exchange interaction (Chen & Cheong, 1996; Radaelli, Cox, Marezio, & Cheong, 1997 ) that also play a role in their properties.
Survey of literature on the mixed valent perovskites has shown that in most of the studies, the divalent alkaline elements such as strontium and calcium were used as the dopant (Jaafar & Abd Shukor, 2003; Tang & Zhang, 2006) . However, only a small amount of work was carried out on monovalent alkali elements such as sodium lithium, potassium, etc. as the doping materials in the study of perovskites (Kalyana Lakshmi, Venkataiah, Vithal, & Venugopal Reddy, 2008; Roy, Guo, Venkatesh, & Ali, 2001; Zhong et al., 1998) . Monovalent alkali elements having only one electron in the outer most orbit are more reactive than the divalent alkaline elements. Further, monovalent alkali elements such as sodium, potassium, etc. have more pronounced donor properties than the divalent alkaline materials. When a monovalent element is doped in a perovskite compound of R 1−x A x MnO 3 , for every amount of x of A (alkali) element, an amount 2x of Mn 3+ will be converted into Mn
. Ultimately, the distribution of valency is given by R (Roy et al., 2001 ). This facilitates the production of a large number of charge carriers and a significant increase in conductivity. Further, the ratio between Mn 3+ and Mn 4+ leads to the enhancement of the DE interaction favouring ferromagnetism (Roy et al., 2001) . So, one can expect perovskite materials doped with alkali materials to show distinguishing behaviour in the electronic, magnetic and structural properties than the materials doped with the alkaline elements (Zhong et al., 1998) .
When the monovalent potassium is doped in La 1−x A x MnO 3+δ , the average ionic radius of the La site increases and produces a crystallographic distortion that leads to an increase in Mn-O-Mn bond angle. This in turn causes a shortening of Mn-O distance. Hence, a stronger DE interaction associated with an increase in the Curie temperature T C is produced (Zhong et al., 1998) . In the present study, the aim is to use a monovalent alkali element i.e. sodium as the doping material in LaMnO 3 perovskite manganite materials and explore the structural/phase transition properties of the samples.
The four-probe electrical resistivity measurements made on La 0.67 A 0.33 MnO 3 (A-Alkali element Li and Na) revealed the metal-insulator transition temperature (T MI ) is 130 and 220 K for Li and Na, respectively (Kalyana Lakshmi et al., 2008) . The X-ray diffraction (XRD) analysis on La 1−x Na x MnO 3 perovskite manganite samples prepared by the solid-state reaction method revealed an increase in Mn-O-Mn bond angle and a decrease in Mn-O bond length with the increase in the doping concentration Na (Ye et al., 2001 ). The value of T C in the potassium-doped La 1−x K x MnO 3 (x = 0.05, 0.10 and 0.15) perovskite manganites strongly depends on the content of potassium and is in between 260 and 309 (Das & Dey, 2007) .
The VSM studies made on La 0.7 Ca 0.3−x Na x MnO 3 (x = 0, 0.04 and 0.08) perovskite samples show that the value of T C increases from 276 to 289 K with the increase in sodium content from 0.04 to 0.08 (Tovstolytkin, Pogorily, & Podyalvski, 2007) . Zhu, Sun, Dai and Song (2006) reported that super conducting quantum interference device magnetometer (SQUID) studies made on the La 0.8 Na 0.2 MnO 3 perovskite manganite materials revealed that the value of T MI (354 K) is much greater than the value of T C (333 K).
Being a non-destructive technique, ultrasonic measurement attracts considerable importance for the characterisation of the materials. Quite a number of researches were carried out to study the phase transition and related properties of perovskite materials using ultrasonic parameters. A dramatic softening of ultrasonic velocities and a sharp peak in attenuation were observed at 234 K around the phase transition in Nd 0.67 Sr 0.33 MnO 3 perovskite manganite sample .
Therefore, the aim is to study La 1−x Na x MnO 3 (x = 0.10, 0.15 and 0.20) perovskite manganite samples using different characterisation techniques such as X-ray diffractometry, scanning electron microscope (SEM) and energy dispersive analysis of X-rays (EDX). The temperature dependence of ultrasonic velocities and attenuation were measured over a wide range of temperature in order to explore the phase transition in the prepared perovskite manganite samples.
Experimental procedure

Sample preparation
La 1−x Na x MnO 3 perovskite manganite materials with the composition of x = 0.10, 0.15 and 0.20 were prepared by employing the solid-state reaction technique. Pure grade manganese carbonate (99.99%; Sigma-Aldrich), lanthanum nitrate (99.99%; Sigma-Aldrich) and sodium nitrate (99.0%; HiMedia GR, India) powders were taken in stoichiometric quantity and weighed on a digital balance. Then, the powders were mixed in an agate mortar. The mixture was calcinated two times at 873 K in air for 2 h and further ground to obtain a homogeneous mixture. Once again, the mixture was calcinated at 873 K in air for 2 h and then the obtained powder was pressed into pellets of diameter 12 mm and thickness, 4 mm with a stainless steel dye. The pellets were sintered at 1,373 K for 12 h in atmospheric air. Thus, the samples were prepared in the form of pellets. Hereafter, the samples will be notified as LNMO10, LNMO15 and LNMO20 for the composition x = 0.10, 0.15 and 0.20 in the La 1−x Na x MnO 3 perovskite manganite samples, respectively.
Density
Density of the samples was determined using Archimedes principle. The pellets were weighed in air (W a ) and in buoyant CCl 4 (W b ) using the formula Zhu et al., 2006) where ρ b is the density of the buoyant.
X-ray diffractometry
The crystalline nature of the prepared LNMO perovskite manganite samples was obtained by the recorded XRD patterns using a powder X-ray diffractometer (X'PERT PRO PANalytical, Netherland) with Cu-K α as the source of radiation. The scanning range was 10-80° with an increment of 0.05°.
Microscopic studies
Spectral images obtained from the SEM coupled with the EDX (JEOL, JED 5300) were used to study the surface images and the elemental composition of the prepared LNMO perovskite manganite samples.
Ultrasonic measurements
An indigenously designed experimental set-up was used to measure the ultrasonic velocity and attenuation over a wide range of temperature starting from 300 to 400 K with the help of a programmable temperature controller (Eurotherm, 2604, USA). A high-power ultrasonic pulse receiver (Olympus NDT, 5900PR, USA) was used for the transmission and reception of the ultrasonic signals. For recording the digital RF ultrasonic signals, a computer-in-built 1-GHz digital storage oscilloscope (Lecroy, Wave Runner 104Mxi, USA) was used. X and Y cut transducers operating at a fundamental frequency of 5 MHz were used, respectively, to produce longitudinal and shear ultrasonic waves. Similar procedure was adopted to measure longitudinal ultrasonic velocity (U L ) and shear ultrasonic velocity (U S ) as reported in the earlier study Sakthipandi & Rajendran, 2013) . The temperature required was kept under the dynamic mode of operation. The error in temperature measurement was ±1 K. A standard procedure was used to carry out couplant (Sakthipandi & Rajendran, 2013) and zero porosity corrections for the measured velocity and attenuation measurement. Elastic constants such as longitudinal (L), shear (G) bulk (K), Young's (E) modulus and Poisson's ratio (σ) and the first-order differential function of ultrasonic parameters were obtained using standard relations (Sakthipandi & Rajendran, 2013) .
Results and discussion
The obtained XRD patterns of the prepared LNMO perovskite manganite samples are shown in Figure 1 . The crystalline nature of the samples was confirmed by the sharp peaks seen in the spectra. The values of the diffraction angles are in close agreement with the rhombohedral structure with R3c space group (JCPDS files 89-8122 and 89-8028). The crystal size of the prepared samples was calculated using Scherrer's formula using the obtained 2θ and full width half maximum (FWHM) values of the peaks. The crystalline size of the samples is 42.635, 35.973 and 29.848 nm for LNMO10, LNMO15 and LNMO20 perovskite manganite samples, respectively. From this, it is revealed that the crystalline size decreases as the doping level of Na increases.
The elemental composition of the constituents of the prepared LNMO10, LNMO15 and LNMO20 perovskite manganite samples was obtained from the energy EDX patterns shown in Figure 2 . The EDX measurement ensures that the atomic ratio of the elements La, Na, Mn and O atoms are matching with that of the nominal composition of the prepared LNMO perovskite manganite samples. The Figure 3 reveal an agglomeration and morphology of the particles. The approximate particle size of the samples is determined using the SEM images taking into account the minimum and maximum diameter of the large number of particles. The particle size of the samples LNMO10, LNMO15 and LNMO20 perovskite manganite samples is 193.3, 155.5 and 143.3 nm, respectively. From this data, it is inferred that the particle size decreases as the doping 
SEM images of the samples shown in
LNMO10 LNMO15 LNMO20
The values of the physical quantities such as crystal size, particle size, density (ρ), and ultrasonic parameters such as longitudinal velocity (U L ), shear velocity (U S ) and their respective attenuation (α L and α S ) measured at the room temperature 300 K along with that of the elastic constants L, G, K and E are given in Table 1 . It is observed from Table 1 that when the concentration of the monovalent doping element Na increases, the velocity of ultrasonic waves in both the longitudinal and the shear mode decreases. The longitudinal velocity of the samples at 300 K is 5,935, 5,739 and 5,525 m s −1 for the LNMO10, LNMO15 and LNMO20 samples, respectively. As far as the attenuation is concerned, a reverse trend is observed. The respective attenuation values are 1.3395, 1.3922 and 1.4705 dB cm −1 . This behaviour is ascribed to the increase in density caused by the decrease in lattice parameters that appeared as the composition of sodium increases in the samples. Further, a decrease in ultrasonic velocity and an increase in attenuation lead to an increase in acoustical activation energy (E P ). The increase in E P along with the thermally activated structural relaxation is the reason behind the dip/peak in the ultrasonic parameters (Ye et al., 2001) . Similar trend to that of velocity was observed in the case of elastic constants (L, G, K and E) also.
Temperature-dependent measurement of the ultrasonic parameters is a vital tool that is used to study the structural and phase transitions in the perovskite (Jaafar & Abd Shukor, 2003) . When ultrasonic measurements are carried out over a wide range of temperature in perovskite manganite samples, an anomaly is observed in the region where the structural/magnetic phase transition takes place (Sakthipandi & Rajendran, 2013; Tang & Zhang, 2006; Thamilmaran et al., 2015) . In this investigation, the ultrasonic parameters such as U L , U S , α L and α S were measured employing the transmission ultrasonic velocity (U L ) decreases with the increase in temperature monotonically except in a small region. To understand the behaviour of the prepared LNMO perovskite manganite samples, the temperature-dependent curve of U L is divided into three different regions as shown in Table 2 .
In LNMO20 (La 0.8 Na 0.2 MnO 3 ) perovskite sample, the region I starts at 300 K and ends at 328 K. The region II lies between 328 and 342 K and the region III occurs between 342 and 400 K. A monotonic decrease in velocity with the increase in temperature is observed in regions I and III. However, the sample shows an anomalous behaviour in region II. At the temperature 328 K, the velocity declines considerably and reaches a minimum at 334 K. Beyond this temperature there is a sharp increase in velocity up to the temperature of 342 K. Once again, in the region III, the velocity shows a monotonic decrease as the temperature increases. The investigation carried out by Zhu et al. (2006) using super conducting quantum interference device (SQUID) magnetometer on La 0.8 Na 0.2 MnO 3 perovskite manganite sample showed that the FM to PM phase transition takes place at 333 K (i.e. Curie temperature). Correlating the above result with the observations made in the present investigation, it is concluded that the temperatures at which the velocity is minimum (334 K) in the anomalous region are the FM-PM phase transition temperatures (T c ) for the sample LNMO20. Similarly, for samples LNMO10 and LNMO15, the temperatures 320 and 328 K are the FM-PM phase transition temperatures, respectively. However, the temperature dependence of the attenuation reveals an opposite trend. Instead of a dip followed by a sharp increase in velocity, in the case of attenuation, a peak is observed in the anomalous region. A monotonic increase in longitudinal attenuation (α L ) with the increase in temperature is observed in regions I and III. The sample shows an anomalous behaviour in region II. For the LNMO10 sample, at the temperature 314 K, the value of α L increases steeply and reaches the maximum of 1.4903 dB cm −1 at 320 K, then falls sharply up to 326 K. Similarly, the regions obtained for the samples LNMO15 and LNMO20 are listed in Table 2 . For samples LNMO15 and LNMO20, the peak values of α L are obtained at 328 and 334 K, respectively. The peak values of α L obtained for the perovskite samples LNMO10, LNMO15 and LNMO20 are 1.4903, 1.5297 and 1.5885, respectively, and in the case of α S , the values are 9.2354, 9.4111 and 9.5369 dB cm −1 . This indicates the increase of α L and α S with the increase in Na content in the sample. The anomalous peaks in attenuation around T C indicate the magnetoelastic coupling arising from the spin-phonon coupling in the prepared LNMO perovskite manganite. Further, the coupling is mainly due to linear (single ion) magnetostriction and not volume magnetostriction; the reason is that the peak in attenuation is observed in both longitudinal and shear mode. If it is to be volume magnetostriction, then there should have been no anomaly in the case of shear attenuation (El-Falaky, Gaafar, & El-Aal, 2012; Zhu & Zheng, 1999) .
It is seen from the ultrasonic measurements that T C moves towards a higher value as the composition of Na increases from 10 to 15% and then to 20%. This behaviour is ascribed to the increase in DE interaction caused by the reduction in Mn-O distances. It is due to the increase in average ionic radius of La site produced by the doping of monovalent Na in the perovskite manganite. It is to be noted that ionic radius of La 3+ is 1.36 Å and that of Na 1+ is 1.39 Å (Coordination number: 12) (Ye et al., 2001) . It is inferred that the distortion of Mn 3+ O 6 octahedral due to JT distortion will come into play. Further, the large difference in valence between La 3+ and Na + ions in the A site leads to the inhomogeneity in the potential possessed by the e g electrons as they move through the crystal, leading to some regions with lower potential, in which the e g electrons can be trapped. Moreover, the substitution of Na + ions for the La 3+ leads to the formation of the rich Mn 4+ regions as two Mn 3+ ions need to be oxidized to Mn 4+ ions. This favours electronic inhomogeneity and causes phase transition. Hence, the FM-PM transition temperature increases (Roy et al., 2001; Ye et al., 2001 ) with the doping level of Na content increase.
The temperature dependence of the first derivative of the ultrasonic longitudinal velocity (ΔU L /ΔT) is shown in Figure 9 . The curves show pronounced peak around the anomalous region. The values corresponding to the peaks are given in Table 2 . One can make use of these values to explore information about the structural and phase transitions that take place in the perovskite materials (Dunaevsky & Deriglazov, 2004 , respectively. It indicates that the value of ΔU L /ΔT decreases as the doping level of sodium increases in the LNMO perovskite manganite samples. A similar trend is observed in the case of all the ultrasonic parameters such as shear velocity, longitudinal attenuation and shear attenuation as far as the first derivative is concerned. In the case of longitudinal attenuation, the first derivative values (Δα L /ΔT) are 0.0664, 0.0416 and 0.02491 dB cm
Similar behaviour is exhibited in the case of transition width also. The transition width of the ultrasonic parameters of the prepared LNMO perovskite manganite samples in the anomalous region is given in Table 2 . From this table, one can observe that the transition width decreases as the Na content of the samples increases for all the ultrasonic parameters. In the case of shear velocity, the values are 212, 166 and 111 m s −1 , respectively, for LNMO10, LNMO15 and LNMO20 perovskite manganite samples. Similarly, the values in shear attenuation are 0.7905, 0.6501 and 0.5182 dB cm −1 for LNMO10, LNMO15 and LNMO20 perovskite manganite samples, respectively. Thus, it is clear that as the sodium content of the sample increases, the pronounced peak in the first derivative value as well as the transition width in the temperature dependence of the ultrasonic parameters decreases. The pronounced peak in the value is due to the lattice softening that takes place at the transition temperature. The lattice softening is generally caused by a decrease in velocity and increase in attenuation. So, it is confirmed that in the sample with more doping material, the transition is weakening. The large fluctuations occurring in the lattice volume around the phase transition lead to the anomaly in the ultrasonic parameters shown by the LNMO perovskite samples (Roy et al., 2001) .
A strong ingredient of the CMR properties of the perovskites is the local distortion of the Mn 3+ O 6 octahedral that determines the transport properties. The behaviour of the ultrasonic parameters around the anomalous region is caused by the strong coupling between charge, spin, orbital and lattice degrees of freedom and interaction around the transition temperature (Sakthipandi & Rajendran, 2013; Zheng et al., 2002) . Hence, it is concluded that these observations offer a solid evidence for coupling and interaction due to the doping of monovalent sodium element in the perovskite manganites.
Moreover, the calculated values of the area of the anomalous regions of the ultrasonic velocities and elastic constants also reveal a similar trend (Table 2 ). In the case of longitudinal velocity shown in Figure 4 , the enclosed area of anomalous region for LNMO10, LNMO15 and LNMO20 perovskite manganite samples is 2,466.10, 2,237.805 and 1,518.503, respectively, and in the case of shear velocity, it is 1,415.28, 1,269.82 and 993.36. The decrease in the area of anomalous region is associated with the enhancing DE interaction between Mn 3+ and Mn 4+ ions in the sample. Higher sodium content drives the structure to become more cubic, leading to an increase in one-electron bandwidth. Ultimately, there is greater overlap between O 2p and Mn 3d electrons which causes an increased DE interaction (Roy et al., 2001) . Further, the spin-lattice coupling in the magnetic ordering process is the origin of the large change in entropy in the perovskites (Zheng et al., 2002) . Hence, one can correlate the change in magnetic entropy to the DE interaction in the rare earth element. The area of the anomalous region is associated with the degree of disorder. Wider area indicates a larger disorder and a narrower area indicates a lesser disorder and lesser change in magnetic entropy . Thus, the investigation reveals that the magnetic entropy decreases as the doping of sodium content increases in the LNMO samples.
A significant observation revealed in this investigation is the difference in the rate of change in almost all the parameters. In the case of the first derivative of shear velocity (ΔU S /ΔT), the difference in value is 51.4019 when the doping level of Na increases from 10 to 15%. But, the difference is much reduced and yields the value 25.3602 only for the same increase in the doping level from 15 to 20%. This behaviour is revealed in almost all the physical and also ultrasonic parameters. It seems that T C value will saturate with further increase in the doping level. A possible explanation is the competition between the rhombohedral phase that favours the magnetisation and development of orthorhombic phase that hinders magnetisation. When the doping level of sodium increases, the concentration of (Roy et al., 2001 ).
Conclusion
In this investigation, perovskite manganite samples LNMO10, LNMO15 and LNMO20 were prepared by the solid-state reaction technique. XRD patterns of the samples confirmed the crystalline nature with a rhombohedral structure. The particle size of the samples was determined from the obtained SEM images. In-situ ultrasonic measurements were carried out on the LNMO samples in the temperature range from 300 to 400 K. Temperature dependence of the ultrasonic parameters was used to find the phase transition temperature in the perovskite samples. The investigation revealed that the FM-PM phase transition temperature (T c ) is 320, 328 and 334 K for LNMO10, LNMO15 and LNMO20 perovskite manganite samples, respectively. The transition temperature T c increases as the doping concentration of Na increases. Further, in the anomalous region, the transition width and the first derivative of the ultrasonic parameters are found to decrease as the sodium content in the sample increases, indicating the stronger DE interaction, less pronounced lattice softening and decreasing magnetic entropy. As the T c is around the room temperature, monovalent sodium-doped perovskite manganites may be used for potential applications.
